Background. We examined specific causes of mortality in human immunodeficiency virus type 1 (HIV-1)-infected patients who initiated antiretroviral therapy (ART) in Europe and North America from 1996 through 2006, and we quantified associations of prognostic factors with cause-specific mortality.
clinical end point trials now incorporate non-AIDS events as end points [6] . With the introduction of more effective and tolerable ART regimens, it is important to monitor causes of death and assess associated risk factors.
Coding systems, such as the World Health Organization's International Classification of Diseases, 9th Edition (ICD-9) [7] and ICD-10 [8] , may not reflect recent rapid changes in our understanding of HIV-1 pathogenesis. Many AIDS-defining illnesses are poorly identified in the ICD, and some diseases (eg, central nervous system diseases) have a different etiology in HIV-1-infected patients and are, therefore, not covered or are at risk of misclassification.
We hypothesized that associations of patient characteristics with overall mortality may mask differential associations with specific causes of death. Using data on antiretroviral-naive individuals starting ART from a collaboration of HIV-1 cohorts in high-income countries, we classified reported deaths using a system de-signed for attribution of causes of death in HIV-1-infected persons. We described frequencies of specific causes of death, examined associations with prognostic factors at start of ART, and investigated whether causes of death differ between early and more recent ART eras and according to duration of time receiving treatment.
METHODS
Cohorts and patients. The ART Cohort Collaboration was established in 2000 to estimate prognosis of HIV-1-infected patients initiating ART in Europe and North America. The collaboration is described in detail elsewhere [9] [10] [11] (http:// www.art-cohort-collaboration.org). Patients naive to ART, aged 116 years, and starting ART with a combination of у3 drugs were followed. The dataset was assembled during 2007 and includes patients starting ART during 1996-2006 from 13 cohorts (Appendix, which appears only on the online version of the journal). All cohorts had systematic (though different) approaches to capturing information regarding deaths, predominantly using linkages to death registries or hospital records. At all sites, institutional review boards approved data collection. All cohorts provided anonymized data on a predefined set of demographic, laboratory, and clinical variables, which were pooled and analyzed centrally.
Coding cause of death. We initially classified deaths into the 30 categories specified in the Cause of Death (CoDe) project protocol (http://www.cphiv.dk/). AIDS-related deaths were further classified, where possible, as AIDS infection (CoDe 01.1) or AIDS malignancy (CoDe 01.2). We produced summary tables with information on each death that included ICD-9, ICD-10, or free text coding of deaths; patient characteristics at ART initiation (age, sex, pre-existing AIDS-defining conditions, risk transmission group); details and timing of new AIDS events during receipt of treatment; time from treatment initiation to death; CD4 count obtained closest to death; and whether patients were receiving ART at time of death. Cause of death for each patient was classified by a clinician and also was automatically based on ICD codes alone, with use of computer algorithms developed by the Mortalité 2000-2005 Study Group [12, 13] . Disagreements between clinicians and/or computerassigned codes, as well as infrequent causes of death, were independently examined by pairs of reviewers and, if necessary, were further discussed by the review panel.
Death was coded as AIDS (CoDe 01) if the patient experienced a serious AIDS-defining condition(s) close to death and/ or had a low CD4 count (!50 cells/mm 3 ) prior to death and a diagnosis compatible with AIDS as cause of death. Death due to Hodgkin lymphoma was classified as AIDS related. Deaths described as due to sepsis/septicemia were coded as bacterial infection with sepsis (CoDe 2.1.1). Deaths attributed to unspecified liver failure were classified as hepatitis (CoDe 03) if the patient was positive for hepatitis C antibody at baseline or if hepatitis C status was unknown but HIV-1 transmission was through injection drug use. If the patient was not known to be an injection drug user or hepatitis C positive, then such deaths were coded as liver failure (CoDe 14). If a patient was positive for hepatitis C or B antibodies at baseline and died of "liver cancer," we assumed the cancer was secondary to hepatitis [14] . Deaths described as accidental/violent with a history of self-harm in ICD-9 were coded as suicide (CoDe 17). If it was unclear whether death was attributable to suicide, the less specific code of accidental/violent death (CoDe 16) was assigned. Deaths described as due to cardiac arrest or respiratory failure with no other information were coded as unknown (CoDe 92). Deaths due to myocarditis and endocarditis were coded as non-AIDS infection (CoDe 02). Deaths with insufficient information to achieve a consensus were coded as cause unknown (CoDe 92).
Statistical analyses. We grouped causes associated with , and other. In secondary analyses we separated deaths due to AIDS into unspecified, infection, and malignancy; liver disease into hepatitis-related and other liver disease; cardiovascular disease into myocardial infarction/ischemic heart disease, stroke, and other heart-related deaths; and violent deaths into suicide, substance abuse, and other (including homicide, accident and nonattributed violent death). We also classified deaths as either AIDS or non-AIDS related. Hazard ratios (HRs) for death attributed to all and specific causes were estimated using multivariable Cox models. In models for specific causes, patients who died of other causes were censored at date of death. We estimated cause-specific HR for the following characteristics measured at start of ART (baseline): female sex (vs male sex), age (per 10 years), injection drug user (vs non-injection drug user), prior AIDS diagnosis (vs no AIDS), CD4 count (per 100 cells/mm 3 decrease), and viral load (HIV-1 RNA level у5 vs !5 log copies/mL). All HRs were adjusted for these characteristics as well as year of ART initiation and were stratified by cohort. Linearity of relationships of cause-specific log hazards with age and CD4 count were assessed using categories of these variables and fractional polynomials [15] . There was evidence of nonlinearity in the effect of CD4 count because death rates did not vary greatly among individuals with baseline CD4 counts 1500 cells/mm 3 . We therefore replaced baseline CD4 counts that were 1500 cells/ mm 3 with 500 cells/mm 3 , and there was then little evidence of nonlinearity. We checked for between-cohort heterogeneity in the association of each risk factor with AIDS-and non-AIDSrelated deaths. There was little evidence of such heterogeneity (all P values 1.05), except for the effect of viral load on non-AIDS-related deaths, for which there was weak evidence of heterogeneity (
). All subsequent analyses assumed that P p .04 the effect of risk factors was the same across cohorts. Using random effects meta-analysis, we estimated the between-cohort variance in rates of AIDS-and non-AIDS-related deaths to be 0.19 and 0.02, respectively.
We used Poisson regression models to estimate overall and cause-specific mortality adjusted incidence rate ratios by calendar period of starting ART (1996 ART ( -1997 ART ( , 1998 ART ( -1999 ART ( , 2000 ART ( -2002 ART ( , 2003 ART ( -2006 ) and duration of time receiving ART (!1, 1-1.99, у2 years) with 1996-1997 and duration of ART !1 year as reference categories. We estimated cumulative incidence functions for AIDS-related, non-AIDS-related, and unknown deaths with use of nonparametric modelling that accounts for censoring because of competing causes of death [16] . These were stacked to illustrate the contribution of each to total mortality.
RESULTS
Data on 39,272 patients with a median follow-up of 3.6 years (interquartile range [IQR], 1.6-6.1) were available. Table 1 shows patient characteristics at baseline with corresponding . In those who died, the median time to death from baseline was 1.8 years (IQR, 0.6-3.8). Compared with patients with an assigned cause of death, the 279 patients with unknown cause of death were more likely to be male, to be an injection drug user, and to have less advanced HIV-1 disease at baseline. At the last clinic visit before death, they were more likely to be receiving treatment and had higher median CD4 counts (215 vs 110 cells/mm 3 ). Table 3 shows frequencies of the 8 grouped causes of death. Seven hundred ninety-two (49.6%) of the deaths for which a cause was assigned were due to AIDS, of which 366 (46.2%) could be further classified as infection and 236 (29.8%) as malignancy. The most frequent non-AIDS causes of death were non-AIDS malignancy (11.8%), non-AIDS infection (8.2%), Figure 1 . Adjusted hazard ratios (HRs) and 95% confidence intervals of risk factors at start of antiretroviral therapy for specific causes of death from Cox models with CD4 cell count (per 100 cell decrease), transmission risk group (injection drug user [IDU] vs non-IDU), viral load (human immunodeficiency virus type 1 RNA load у5 vs !5 log copies/mL), and prior AIDS diagnosis (vs no AIDS). Models were mutually adjusted for age, sex, IDU, CD4 count, viral load, prior AIDS diagnosis, cohort, and year of starting antiretroviral therapy. CVD, cardiovascular disease. cardiovascular disease (7.9%, of which 40% were myocardial infarction/ischemic heart disease and 18% stroke), violence (7.8%, approximately one-third each of suicide, substance abuse, and homicide/accident/unspecified), and liver disease (7.1%, of which 55.8% were hepatitis related). The most frequent sites for non-AIDS malignancies were respiratory tract or intrathoracic organs (36.7%); digestive organs and peritoneum (28.7%); lip, oral cavity, and pharynx (6.0%); and skin (4.7%). During the first year of ART, 63% of deaths were attributable to AIDS; this subsequently decreased to 43%. Table  3 shows crude incidence rates per 1000 years of different causes of death; note that these are underestimates because 15% of deaths could not be classified. Table 4 shows frequencies of cause-specific death by year of death. The proportion of AIDSrelated deaths decreased from 58.5% in 1996-1999 to 43.7% in [2003] [2004] [2005] [2006] . The proportion of deaths due to AIDS-defining cancers decreased from 20.5% to 12.5%, and the proportion of deaths due to non-AIDS-defining cancers increased from 7.3% to 15.4% over the same time periods. Figure 1 shows adjusted HRs for the association of prognostic factors at baseline with specific causes of death. Lower CD4 counts were associated with higher rates of deaths due to AIDS, non-AIDS malignancy, renal failure, and other causes, as well as with death due to AIDS infection (HR per 100 cell decrease, 1.69; 95% CI, 1.52-1.88) but not AIDS malignancies (HR, 1.05; 95% CI, 0.95-1.17). Higher baseline CD4 counts were associated with higher rates of death due to violent causes. Rates of all specific causes of death except renal failure were higher in injection drug users, with particularly strong associations for liver-related death, respiratory, death, violent death, and death due to infection. AIDS before baseline was associated with higher subsequent rates of death due to both AIDS and non-AIDS infections. Patients with higher baseline viral load had higher rates of death due to AIDS, non-AIDS infection, cardiovascular disease, and respiratory disease. Table 5 gives further information on associations of prognostic factors with specific causes of death. Older age was strongly associated with increased rates of non-AIDS malignancy (HR per 10 years, 2.32; 95% CI, 2.04-2.63) and cardiovascular disease (HR per 10 years, 2.05; 95% CI, 1.76-2.39). The cause of death least strongly associated with age was AIDS (HR per 10 years, 1.19; 95% CI, 1.11-1.28). There was a marked increase in rates of renal death in patients aged 160 years. Compared with male patients, female patients had lower rates Figure 2 displays cause-specific mortality rates according to time since starting ART. Rates of death due to AIDS, non-AIDS infection, and renal failure decreased markedly with increasing time receiving ART. Table 6 shows cause-specific mortality incidence rate ratios according to duration of ART and calendar year of starting ART, adjusted for prognostic factors. Rates of AIDS-related mortality decreased with both time on ART (P ! , by test for trend) and with year of starting ART ( ). .001 P ! .001 Rates of death due to non-AIDS infection and renal failure also decreased with time receiving ART. Figure 3 (upper panel) shows cumulative incidence for AIDSrelated, non-AIDS-related, and unknown deaths. The majority of deaths during the first year of receiving ART were AIDS related, but because rates of AIDS-related death decrease with time receiving ART, the cumulative incidence of non-AIDSrelated deaths exceeded that of AIDS-related deaths after ∼4 years of ART. Figure 3 (lower panel) shows that the total cumulative mortality at 8 years was ∼9%, with !4% of deaths classified as AIDS related.
DISCUSSION
We retrospectively assigned a cause of death for 85% of the 1876 deaths among nearly 40,000 individuals who started ART during 1996-2006 in Europe and North America. Rates of AIDS, the leading cause of death, decreased with time receiving ART, although because time receiving ART is equivalent to follow-up time, no causal effect of time receiving ART can be inferred. However, there was little variation in rates of non-AIDS causes of deaths with year of starting ART and time receiving ART. Immunodeficiency was associated with death due to AIDS, non-AIDS malignancy, and renal failure. Rates of death due to AIDS, non-AIDS infection, cardiovascular disease, and respiratory disease were higher in patients with baseline viral loads 15 log copies/mL. Those infected through injection drug use had higher rates of all specific causes of death, with particularly high rates of liver-related and violent death.
Associations with risk factors could only be analyzed for frequent causes of death, reflecting the success of ART in reducing overall mortality. We used the CoDe system, which is specifically designed for classifying causes of death in HIV-1-infected persons [12] . However, deaths were classified retrospectively without complete clinical histories. Classifications may differ from those that would be assigned if full documentation was available. We may have grouped diseases with different etiologies; for example, deaths from myocardial infarction/ischemic heart disease, stroke, and the more-general unspecified heart-related deaths. It is likely that some deaths coded as unspecified heart-related were due to dysrhythmias, possibly attributable to drug overdose, which would be better classified as violent death. We may have inappropriately assigned some causes of death to AIDS in patients with extremely low CD4 counts and multiple AIDS conditions but a nonspecific cause of death, such as respiratory failure or coma. Nonetheless, the majority of deaths are likely to have been classified accurately, and misclassifications are unlikely to be associated with risk factors such as age or time since initiation of ART. There was some evidence of between-cohort heterogeneity in death rates, particularly for AIDS-related deaths. Such heterogeneity could be attributable to differences in patient characteristics beyond those included in existing models (eg, socioeconomic status) or to underascertainment of deaths in some cohorts.
Non-HIV-1 markers of disease risk, such as hypertension, smoking, and alcohol misuse, may be strongly associated with non-AIDS morbidity and mortality but were not available to us. We did not analyze associations of ART regimen with mortality because of the likelihood of unmeasured confounding by indication. Associations of baseline CD4 count with cause-specific mortality should be interpreted with caution because CD4 count prior to death was used in assigning the cause of death. Six deaths in injection drug users without direct evidence of hepatitis C infection were classified as hepatitis related, which will have increased the estimated association of injection drug use with hepatitis-related liver disease. However, rates of liverrelated death are 6 times higher in injection drug users, possibly because of drug dependency, alcohol abuse, or coinfection with hepatitis.
AIDS opportunistic infections have been reported to be the most frequent cause of death in the early ART era [17] . Reported proportions of AIDS-related deaths in the ART era range from 31% (D:A:D collaboration) [18] , 40% in Spain [19] and Australia [20] , 46% in the United Kingdom [21] , to 50% in the United States [22] . Because patients with nonassigned causes of death had less advanced HIV-1 disease, the proportion of AIDS-defining deaths is somewhat overestimated in our study. Among HIV-1-infected adults in France, the proportion of AIDS-related deaths decreased from 47% to 36% between 2000 and 2005, and the proportion of deaths due to cancer not related to AIDS or hepatitis increased from 11% to 17% [13, 23] . Compared with our study, the higher proportion of liverrelated disease in France (13%-15%) [13] and the D:A:D collaboration (15%) [18] may be attributable to a higher proportion of injection drug users.
Acute renal failure remains prevalent among hospitalized patients with HIV-1 and is associated with increased mortality in the ART era [24] . Patterns of death due to renal failure were similar to those due to AIDS, with a strong inverse association with CD4 count and a decrease associated with time receiving ART. The same pattern has been described for HIV-1-associated nephropathy, which is caused by viral replication within the kidney and associated with end-stage renal disease [25] . Alternatively, renal failure can be linked to HIV-1 through shared risk factors such as hepatitis C [26] , antiretroviral drugs (particularly indinavir and tenofovir), or nephrotoxic drugs used to treat opportunistic infections.
Ongoing HIV-1 replication is associated with an excess risk of opportunistic disease and death, even after allowing for CD4 count [27] . In our study, death rates due to infections, as well as respiratory tract and cardiovascular disease, were associated with baseline viral loads 15 log copies/mL but not with lower CD4 counts. Systemic immune activation secondary to high viral replication, rather than or additional to immunodeficiency, may promote deaths due to infectious and cardiovascular causes. Several infections, including herpes simplex [28] , hepatitis C [29] , and tuberculosis [30] , have been shown to induce HIV-1 viremia and worsen outcomes.
ART continues to dramatically reduce rates of mortality attributable to HIV-1 infection in high-income countries. Lower rates of deaths due to AIDS after the year 2000 may result from newer ART regimens having better potency and tolerability. However, AIDS remains the most common cause of death, particularly early after initiation of treatment. The strong inverse association of rates of death due to AIDS with CD4 counts at the time of starting ART supports arguments for earlier initiation of ART [31] [32] [33] . Conditions associated with social and lifestyle factors contribute the next most frequent causes of death, with violence and liver-related diseases (mainly due to hepatitis) contributing 15% of all deaths. The importance of lifestyle is reinforced by the observation that the most common non-AIDS malignancy reported was lung cancer, likely associated with smoking. Many endocarditis cases occurred in patients infected with HIV-1 via injection drug use, who likely acquired endocarditis through injection drug use. Increases in rates of deaths due to causes associated with aging, such as non-AIDS malignancies and cardiovascular disease, imply that the process of aging will become a dominant factor in HIV-1 mortality in the next decade. Interventions to address risk factors for lifestyle-related causes of death, as well as monitoring for and care of diseases associated with old age, will be necessary if the full benefit of ART in decreasing mortality is to continue in the second decade of ART.
